In air breathing propulsion systems for flight at Mach numbers 7 to 20, it is generally accepted that the combustion processes will be carried out at supersonic velocities with respect to the engine. The resulting brief residence time places a premium on rapid mixing of the fuel and air. To address this issue we &re investigating a mechanism for enhancing the rate of mixing between air and hydrogen fuel over rates that are expected in shear layers and jets.
The mechanism rests upon the strong vorticity induced at the interface between a light and heavy gas by an intense pressure gradient. The specific phenomenon under investigation is the rapid mixing induced by interaction of a weak oblique shock with a cylindrical jet of hydrogen embedded in air. The status of our investigations is described in three parts: a) shock tube investigation of the distortion and mixing induced by shock waves impinging on cylindric of hydrogen embedded in air, b) the molecular mixing and chemical reaction in large vortices, periodically formed in a channel, and c) two-dimensional non-steady and three-dimensional steady numerical studies of shock interaction with cylindrical volumes of hydrogen in air. * Professor, Mechanical Engineering and Jet Propulsion ** Postdoctoral Fellow, Jet Propulsion
INl'RODUCTION
Flight at hypersonic Mach numbers, between 6 and 15, appears as the next regime of major aeronautical research and development. The "trans-atmospheric aircraft," having a major component of airbreathing propulsion together with the capability of taking off from a runway and climbing to low earth orbit, is perhaps the most ambitious example. The operational flexibility of such an aircraft could offer a substantial advantage over current systems. The actual advantage that may be realized can be determined only by detailed investigations of the aerodynamic, cooling and propUlsion problems which are unique to this Mach number range and by rather sophisticated studies of integration between the aerodynamic configuration, the propulsion system and the thermal control of the structure. The configuration and integration analyses which appear in Kirkham & Hunt (1977) , Edwards, Small & Weidner (1975) , Small, Weidner & Johnston (1974) and Nowak & Kelley (1976) provide substantial insight into both the importance and the formidable difficulty of the problem.
Among the conclusions of these and further studies is the clear confirmation that the problem of efficient, compact combustion stands as a central issue. In the first place, because of the severe penalties associated with excessive losses and heavy heat load, it is generally accepted that the combustion process must be carried out in a gas stream that is supersonic with respect to the engine. As a consequence, there is a very short time available for mixing and reaction and a high probability for internal shocks and losses. Because of the very high free-stream stagnation temperature assoc iated with hypersonic velocities, the relative stagnation temperature rise resulting from combustion is rather small. Under this circumstance, internal aerodynamic losses or incomplete chemical reaction results in an unacceptable deterioration of performance.
In order to achieve a compact combustion process, considerable effort, e.g. Gross (1959) , Gross & Oppenheim (1959) was devoted toward combustion in stabilized detonation waves. The results were not encouraging. Studies directed toward rapid mixing, Ferri (1968 ), Ferri (1973 , Evans & Anderson (1974) , MCClinton (1978) , have resulted in greater losses and longer combustors than desirable. Recent excellent reviews, Waltrup (1986) and Northam & Anderson (1986) , report the current status of the combustion studies and confirm that the problem is still an open one, particularly at Mach numbers greater than 7. Therefore it is appropriate to investigate means for enhancing the rate of mixing between air and hydroge~ fuel over that which may be achieved in shear layers and jets. The mechanism to be described here depends essentially upon the Rayleigh-Taylor instability induced at the interface between a light and heavy gas by a strong pressure gradient. It is a property of combustion fields that the distribution of gas density is exceedingly non-uniform and this characteristic is accentuated when the fuel is hydrogen. One of the major effects of very strong pressure gradients on a field of non-uniform gas density is to accelerate the lighter gas at a rate several times that of the heavy gas. In addition to generating vorticity in the region of high density gradient, the large 12-2 scale stability of the field is affected and flow reversal may be induced, a phenomenon which is of paramount importance in the supersonic mixing and combustion of hydrogen in air.
In an actual supersonic combustor there will exist oblique shock waves which constitute highly concentrated forms of the adverse pressure gradients discussed above. It is to be expected that the flow reversal, vortex formation and mixing observed in the steady phenomenon will appear, but in a more intense form. Therefore the distinct possibility exists of utilizing a set of "tailored" steady or unsteady shocks to induce very high intensity mixing and chemical reaction between the air and hydrogen fuel.
We are at present in the early stages of an extensive experimental program to investigate the detailed mechanism of the shock induced enhancement of mixing in non-uniform gas streams. The technological process described above has been broken down into two relatively independent phases for detailed experimental investigation, the first of which is being carried out in the Galcit l7-inch shock tube, the second in our unsteady combustion facility. When the pressure gradient in a gas is not aligned with the density gradient. vorticity may be generated in the gas. If the gas undergoes an isentropic change of state, the direct relationship between the pressure and the density guarantees the colinearity of these two gradients and no vorticity is generated. When, however, the density gradient is in part due to a variation of gas composition or the non-uniform conversion of chemical to sensible heat, the two gradients will not be aligned. Then, as shown in Fig.l , the displacement of the mass center from the geometric center of a gas element will allow the normal pressure stress on the surface of the element to generate a moment about the mass center and, hence, a rotation. A convenient analytical statement of this phenomenon is contained in Bjerknes theorem
where ~ is the circulation about a closed contour fixed to the fluid.
As applied to combustion problems, this vorticity generation mechanism was investigated explicitly by Fleming (1982) and that type of analysis was extended to relatively strong adverse pressure gradients by Marble & Hendricks (1986a) . In this study a diffusion flame was situated, Fig. 2 , along the horizontal axis and tbe gas flowed against a rising pressure field. The combustion products. which were of relatively low density, could not easily move against the pressure gradient and, as a consequence, reversed their flow direction and moved back upstream. The velocity and temperature profiles for a particular pressure gradient are shown in Fig. 3 . In this circumstance the pressure gradient and the density gradient were nearly normal to each other, yielding the maximum rate of vorticity generation. This vorticity appears in the shear layers that bound the region of backflow, Fig. 3 .
Consider now a cylindrical mass of low density gas (e.g. hydrogen) embedded in a higher molecular weight gas (e.g. air) situated in a pressure gradient as shown in Fig. 4a . The density jump between the hydrogen and the air constitutes a strong density gradient and this interacts with the ~posed pressure gradient, according to Bjerknes theorem. to produce the vort ic ity distribut ion shown in Fig.  4b at the boundary of the hydrogen mass. The velocity field induced by the vorticity at the interface, distorts the boundary of the hydrogen mass, as shown schematically in Fig. 4c , and essentially creates a strong vortex pair.
Consider finally a shock wave passing over the cylindrical mass of hydrogen; this, as mentioned earlier, constitutes a very concentrated form of adverse pressure gradient. The shock passage. which can be considered very fast in comparison with other processes, deposits a distribution of vorticity over the boundary similar, but generally much stronger, than that associated with usual continuous gradients. Some of the earliest observations related to this 12-4 phenomenon, reported by Rudinger (1958) , Rudinger & Somers (1960) , concerned the passage of a shock wave over bubbles and over flame surfaces. Subsequent computations by Evans et al (1962) , and demonstrated the possibility of calculating the deformed surfaces observed by Rudinger (1958) with a relatively high degree of accuracy.
The earliest experiments which are directly related to the present investigations were performed by Sturtevant together with his graduate student, Haas (1983) . These were shock tube studies, carried out at Caltech, concerning the interaction of relatively weak shock waves with regions of low density gas embedded in high density gas. The research was primarily aimed at the problem of shock diffraction in non-uniform atmospheres; fortunately the photographic data recording was carried to more than a millisecond after the shock impact and, as a consequence, preserved information valuable to the present investigation.
This interaction was found to generate a strong vortical motion, originating along the interface between the two gases. Severe and rapid distortion of the light gas region was observed followed by intense mixing. Figure 5 consists of three shadowgraphs taken during the passage of a Mach 1.22 shock wave over a 5 cm diameter cylinder helium embedded in air. The time elapsed after the shock impinges on the helium cylinder is given in milliseconds for each photograph. The results show, in a most striking manner, the generation of a vortex pair by the vorticity generated at the initial gaseous interface and the subsequent diffusion of the vorticity from that surface. This provides the time dependent development of the flow field described earlier in this section. The shock tube experiment does not, of course, include the density change associated with combustion, a factor which would further increase the intensity of the induced flow.
12-5 3. ANALYTICAL AND COMPUTATIONAL STUDIES Referring specifically to the experiments shown in Fig. 5 the phenomenon may be divided, conceptually, into two phases. In the first phase, the vorticity is deposited at the interface between the helium and air and the ensuing motion generates an intense vortex pair. In the second phase these vortices entrain air into the helium and undergo a complex mixing process, leading to molecular mixing and chemical reaction. Although some of the results obtained by Marble (1985) , Karagozian & Marble (1986) , Karagozian & Manda (1987) are of interest with respect to the second phase, the discussion here will concentrate on the analysis of the initial distortion of the light gas region.
During the past few months we have carried out Euler code calculations, Marble & Hendricks (1986b) , to investigate the distortion of a cylindrical mass of helium embedded in air, by the impingement of shock waves of various strengths. The code employed was one originally developed by Eric Baum of the Electronics and Defense Sector, TRW, for use in the analysis of shock tube experiments. We have modified the original code considerably and adapted it for the present calculations in non-uniform'gases.
It is of interest first to examine the time period over which we are able to obtain a reasonable representation of the distorted helium cylinder observed in the experiments mentioned in the previous section, shown in Fig. 5 ; the photos were taken at times of 132, 378, and 724 microseconds respectively after the initial impingement of the shock on the helium. The wire hoop which appears in the photographs is one of those that supported the microfilm sheath which contained the helium before shock impingement. It is reasonable to assume that the wake of the ring support, particularly visible in Fig. 5b , is locallized at the ends of the helium mass and has a small effect upon the larger portion of the gas into which the camera is looking. The boundary of the helium remains fairly well defined through this time span.
A reasonable test of our Euler code then is to make calculations of the field quantities at similar times and to compare the gas boundary contours. Three of these computed shapes, at comparable times after the shock impact are shown in Fig. 6a, 6b , and 6c. The boundaries of these computed contours tend to diffuse somewhat with time and these thicker boundaries have been reduced on the contours shown. Clearly the comparison between computed and experimental boundary shapes is adequate to assure us that other computed properties are correspondingly accurate. These will be presented subsequently.
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Return for the moment to the technological issue of how such mixing augmentation could be employed if indeed the present program demonstrated that its use was warranted. Consider a single jet of hydrogen moving with a supersonic velocity parallel to the supersonic airstream toward or within the engine. Let this jet be intersected by an oblique shock wave, as shown schematically in Fig. 1 . Then in each succeeding cross section of the jet, the shock appears moving across the jet in the manner suggested by the sketches on the figure. To the extent that this problem can be analyzed by convent ional "thin body" theory, x/U can be exchanged with time in the unsteady calculations and the results applied accordingly. Thus the jet should develop a strong vortex pair parallel with the direction of flow as the oblique shock intersects it and will mix rapidly downstream of the shock.
The accuracy with which this thin body theory may be applied has been examined numerically by considering the steady problem of an oblique shock intersecting a cylindrical (non mixing) co-flowing jet of hydrogen. The results in successive cross sectional planes will be compared with the corresponding two-dimensional calculations. Figure 8 shows the distortion of the jet when the shock intersection has passed to the point indicated. The two plots below the distorted jet contour give respectively the corresponding density and vorticity distributions. Notice particularly the distribution of vorticity building up strongly on the portions of the interface nearly normal to the shock wave, as suggested by the vorticity generation mechanism described earlier. Figure 9 provides similar information for a section further downstream along the jet, beyond the point where the shock passes out of the jet. Here the complete vorticity distribution is developed and it provides a very clear intuitive picture of how the jet distortion is induced.
Figures 10 and 11 present corresponding information computed from the two-dimensional unsteady model. The correspondence is extremely close, even in small details of the density distribution. It is possible, of course, that the comparisons will be less favorable for lower jet Mach numbers, but the differences should not be great so long as the hydrogen jet is supersonic.
This result is of great consequence with regard to the experimental program to be discussed in the next section, because it demonstrates that detailed measurements carried out in a twodimensional unsteady flow have direct application to the three dimensional problem that is of technological interest. And it is clear that the experimental technique is greatly simplified in the twodimensional unsteady analogy and that a wider range of conditions may be covered. 
EXPERIMENTAL STUDIES IN PROGRESS
We are at present in the early stages of an extensive exper~ental program to investigate the detailed mechanism of shock induced enhancement of mixing and reaction in non-uniform gas streams. The process described earlier has been divided into two concurrent and relatively independent tasks, each of which concentrates on a critical portion of the physics. The first of these is being carried out in the Galcit l7-inch shock tube facility; the details of this facility are described by Liepmann et al (1962) . The second investigation utilizes our unsteady combustion facility which is an outgrowth of several years of extensive research on combustion instability. The construction of this facility is described by Smith (1985) and by Smith & Zukoski (1985) .
The shock tube program builds upon the previous exper~ental work of Sturtevant and Haas, Haas (1983) . The initial portion of our program is concerned with the interaction between a shock wave propagating through air and a cylindrical mass of gas. The aims are to obtain a quantitative measure of the distribution of helium in a thin section normal to the axis of the cylinder and, further, to obtain local measurements of the degree of molecular mixing which has taken place. This latter measurement is of great ~portance because it will be the first reliable indication of the extent to which the shock interact ion is able to enhanc'e the combustion chemistry. In each case, it is the a~ to carry the measurements through t~es longer than those available from the Sturtevant and Haas data.
The shock tube mixing studies will be based on the fluorescence of biacetal, a dye which, when illuminated with radiation in the visible range, produces radiation in the visible range. This technique has been employed effectively, particularly by Epstein (1977) . The dye will be added to the low density gas which, in turn, is contained within a microfilm membrane until the shock ~pingement fractures it. After an accurately determined t~e delay, a pulse of light from a 3 -Joule dye laser, in the form of a thin sheet, will be passed normal to the helium cylinder. The resulting radiation will be measured using an intensified video camera and the data examined subsequently to find the distribution of helium. This exper~ent will be performed with a sequence of values of t~e delay in order to provide an accurate record of the development of mixing. The min~um thickness of the laser sheet which will provide a sufficiently strong signal is about 0.1 cm. The video camera has an array of 244 by 388 pixels and this will l~it the d~ensions of the observed area also to about 0.1 cm. Because the original scale of the helium region will be in the range of 2 to 5 cm, the 0.1 cm resolution available will be quite adequate to study the gross mixing between the helium and air.
The question of molecular mixing is being addressed through a further development of the biacetyl technique. It is based upon the fact that, when appropriately excited benzene molecules collide with biacetyl molecules, a fraction of them transfer energy to the biacetyl molecules, leading them to phosphoresce. We shall employ this 12-8 technique by placing the biacetyl dye in the helium, as before, and the benzene in the shock tube gas. After the shock wave has passed, the benzene will be excited by passing a sheet of pulsed laser light through the test region, the biacetyl dye will phosphoresce after collision with an excited benzene molecule, and the phosphorescence radiation will be recorded with the video camera.
A possible problem arises because the phospherescence radiation may be emitted over a period of milliseconds and an exposure time of microseconds is desirable to stop the motion of the gas. The question is then whether the integrated radiation over the exposure time gives a sufficiently strong signal. Although this technique has been used successfully, Cheng (1978) , it is recognized as higher risk than the basic mixing experiment. However, the importance of such results is such as to make reasonable compromises acceptable.
The second portion of the experimental research program is concerned with the details of combustion within a vortex, carried out on a much larger physical scale and a longer time scale. This work is being performed utilizing our unsteady combustion facility shown in Fig. 12 in the configuration appropriate for the present experiments. A conventional blowdown supply system is used to furnish the combustible mixture from a 15.2 cm. diameter plenum chamber, through a converging nozzle with a 9:1 contraction ratio, into a twodimensional, rectangular combustion chamber having a 15 cm by 7.6 cm cross section and a length of one meter. Gas will enter through an opening 2.5 cm by 7.6 cm in the top of the upstream wall. The velocity of the combustible gas mixture can be varied between 10 and 100 m/sec.
The combustion chamber permits access for pressure measurements, flow visualization, and optical measurements. The upper and lower walls are fabricated so that the inner steel liner of the combustor is cooled by water flowing inside an aluminum cooling jacket. The side walls are segmented and secured to the upper and lower walls by a window frame st.ructure. Vycore glass walls are used for flow vizualization and optical experiments. Velocity fluctuations will be forced at the inlet lip by producing large amplitude pressure fluctuations in the plenum chamber. These will be generated by a siren placed at the upstream end of the plenum chamber, adjusting the length of the plenum chamber to resonate with the desired acoustic frequency. Part of the combustable mixture will pass through the siren, the rest through a bypass system. The amplitude of the oscillation will be controlled by varying the flow fraction through the siren. The system is designed to drive oscillations from 100 to 600 hz.
As a result of these velocity fluctuations, vortices are generated at the lip of the downstream facing step, Hendricks(1986) , and develop in the shear layer which separat,es the unburned flow from the recirculation zone. The individual vortices are ignited by the hot combustion products in the recirculation zone. The time scale for production and growth of these vortices will be affected by the size of the apparatus, the gas velocity, as well as the strength of the disturbance imposed to form each vortex, Sterling & Zukoski (1987) . In our system, we expect it to be in the range of 10 to 50 milliseconds. Although this is much longer than the time scale of the shock tube experiment, it does limit the instrumentation and techniques which can be used in the observation. The exposure time for the image intensified video camera, with which we plan to observe the chemiluminescence of the burning gas, can be as small as a few microseconds but the framing rate of 60 hz is too low to allow the development of a single vortex to be observed.
As a consequence, we have chosen to generate vortices periodically and to use phase averaging techniques which will permit determining the time resolved properties of the flow. The experiment involves producing a train of vortices with a repetition rate of 100 to 500 hz, making measurements at a frequency of about 60 hz which are timed to cover a complete cycle of the vortex. The complete experiment will take about one second and requires careful timing between exposure and the phase of vortex shedding.
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CONCLUDING REMARKS
It is clear that any augmentation of the rate of mixing between hydrogen fuel and air in a supersonic combustion ramjet offers welldefined advantages so far as engine performance and engine-airframe integration are concerned. The theory and technique of shock induced mixing enhancement. which has been introduced and discussed here. offers a very attractive possibility for significant reduction in the time (length) required for the mixing process. It has been shown. moreover. that a major portion of the demonstration of this concept may be carried out through time-dependent. two-dimensional studies in which the gas conditions corresponding to the proposed flight corridor may be reproduced to a considerable degree. We anticipate that the shock tube investigation of mixing and reaction. the study of unsteady combustion in vortices and, finally. experiments under conditions of steady flow. will confirm the degree to which this technique merits incorporation into engine development programs. 
12-11

Variabl
